In the last several decades, there have been many important proposals for study on flue instruments from theoretical and experimental points of view. Analyses based on aerodynamic sound theory are crucial for understanding the sounding mechanism of flue instruments. According to the growth of computer power and the improvement of numerical schemes, numerical simulations based on fluid dynamics now become important tools for the study of aerodynamics sound. In this talk, we will discuss accuracy, efficiency and reliability of numerical calculations with Large-Eddy-Simulation (LES) of compressible flow and we will show to what extent LES can reproduce the fluid and acoustic behavior of flue instruments observed experimentally. In comparison between the 2D and 3D models, we find that the 2D model is more unstable due to the characteristic of 2D fluid, that is, existence of long-life vortex tubes, whose irregular behavior disturbs the jet motion as well as the acoustic field. Therefore, a 3D simulation is important to reproduce realistic oscillations of flue instruments avoiding spurious jet instabilities. Furthermore, we will point out the possibility of estimation of the energy transfer between the acoustic field and the hydro-dynamic field, namely how to numerically calculate Howe's energy corollary.
INTRODUCTION
In the last several decades, there have been many important proposals for study on flue instruments from theoretical and experimental points of view [1, 2, 3] . Analyses based on aerodynamic sound theory are crucial for understanding the sounding mechanism of flue instruments [2, 3, 4] . According to the growth of computer power and the improvement of numerical schemes, numerical simulations based on fluid dynamics now become important tools for the study of aerodynamics sound [5] .
Main difficulties in the numerical study of flue instruments come from the existence of a resonator. Namely the aerodynamic sound is generated by the jet passing across a mouth opening and collied with a labium [2, 3, 6] . The frequency components which match to the resonance modes of the pipe are emphasized by the acoustic resonance so that the strong acoustic field excited in it even affects the motion of the jet, that is, resonance locking occurs.
Therefore, we need a numerical scheme that simultaneously reproduces acoustic field and hydrodynamic field, which strongly interact with each other. Some of schemes for compressible fluid are candidates for solving this problem. Recently, we have succeeded in reproducing acoustic oscillations of flue instruments, flue organ-like instruments and ocarina, by using Large-Eddy-Simulation (LES) of compressible fluid [5, 6] . In this paper, we will discuss to what extent LES can reproduce the fluid and the acoustic behavior of flue instruments observed experimentally [7, 8, 6] . Furthermore, we will point out the possibility of estimation of the energy transfer between the acoustic field and the hydro-dynamic field, namely how to numerically calculate Howe's energy corollary [9, 10] .
MODEL AND SCHEME
In order to simultaneously calculate the dynamics of the jet flow and the acoustic field excited in the resonator, we need to take care of choice of the parameter values, which determine the numerical setup. The sound speed of about 340 m/s is much higher than the jet velocity around several tens m/s. To reproduce a sound, a much smaller time step is required compared with ordinary numerical calculations of fluid dynamics. On the other hand, the spatial scales required for calculations of fluid dynamics with the eddies, some of which are smaller than 1mm, are much smaller than the wavelength of sound in the physically relevant range, for example, the acoustic wavelength is 34 mm at frequency 10 kHz. Therefore, in the numerical calculation of flue instruments, both requirements should be satisfied. Indeed, in our numerical simulation explained in detail below, the time step of the numerical integration is Δt = 10 −7 sec and the smallest grid size near the labium is around 0.1mm.
We introduce 2D and 3D models of a flue organ pipe like instrument with an end stop and compare them in order to clarify differences in acoustics and hydrodynamics between the 2D and 3D models. Fig.1 (a) shows the geometry of the 2D model, where the pipe length L is 90mm, pipe height h = 10mm, width of mouth aperture l = 5mm, flue height d = 1mm, flue length e = 3mm and the edge angle of the labium is 25
• . Fig.1 (b) shows the numerical mesh of 2D model, 450 × 200mm 2 . The upper, right and left walls are transparent and the transparent boundary condition is achieved with the Poinsot-Lele method [11] . The other boundaries are non-slip solid walls.
The 3D model is formed by adding a uniform width of 10mm perpendicular to the 2D model geometry and it is held between two parallel non-slip walls. Table 1 shows parameters of 2D and 3D meshes. We use the compressible LES(Large Eddy Simulation) as the numerical scheme [5] .
In LES a statistical model, so-called SGS(sub-grid-scale) model is used to estimate the effect of eddies smaller than the grid size and it is included into the large scale dynamics of the fluid. LES has less reproducibility than the direct numerical simulation(DNS), but LES is more stable 
COMPARISON OF NUMERICAL RESULTS BETWEEN 2D AND 3D MODELS
In Fig.2 , we compare numerical results of 3D model with those of 2D model at the jet velocity V = 12m/s, at which the most stable oscillation is observed for the 2D model. As shown in Fig.2 , the pressure fluctuations, i.e., fluctuations from equilibrium pressure p − p 0 , which are observed at point A in Fig.1 (a) , are oscillating periodically for both 2D and 3D models. The frequencies of the 2D and 3D models are almost the same, f = 806Hz for 2D and f = 795Hz for 3D. The oscillation amplitude of the 3D model is about 200kPa and very stable, while the amplitude of the 2D oscillation is gently undulating. The same tendency is found in time evolutions of velocities observed at point B in Fig.1 (b) . Therefore the 3D model is more stable than the 2D model. Let us see the spatial oscillations of characteristic dynamical variables to consider the instability of the 2D model. Fig.3 shows the spatial distributions of acoustic pressure, absolute values of flow velocity, vorticity for the 2D and 3D models at V = 12m/s. Note that the z-component of the 3D vorticity vector is drawn in Fig.3 
(e).
As shown in Fig.3 (a) and (b), there are very strong fields of pressure fluctuation in the resonators compared with those of the outside for both 2D and 3D models. It means that the oscillations are in resonance. However, as shown in Fig.3 (c) and (d), there are some differences in velocity fields between the 2D and 3D models. Although the jets oscillate periodically synclonized with the acoustic pressure for both 2D and 3D models, the eddies created by the collision of the jet with the labium behave in different ways for the 2D and 3D models.
For the 2D model, the eddies created by the collision soon roll up and form clear vortex tubes, which have considerably long lives. Eddies outside the instrument gradually separate from the wall of the pipe and stagnate on an upper side. On the other hand, those inside the instrument are reduced into a large rotor or a few rotors near the open mouth, which never spread further into the right hand side. On the other hand, for the 3D model, the eddies break up into lumps of turbulence in a short time. Outside the instrument, they moves along the upper wall, but in the inside they are stagnant in a local area under the labium and never form a large rotor (or rotors). In general, a vortex tube in 2D fluid is more robust than that in 3D fluid, due to the inverse energy cascade, which occurs in 2D fluid [13, 14, 15] . This is the case of the 2D model and the well rolled up eddies often disturb the jet motion and acoustic field due to their irregular behavior. In other words, the absence of strongly rolled up eddies makes the oscillations stable for the 3D model.
As shown in Fig.3 (e) , the vorticity in the 2D model takes a positive or negative value at the center of a rolled up eddy depending on its rotational direction. For the 3D model in Fig.3 (f) , the same tendency is observed, but there is a rather irregular distribution in the lumps of turbulence. On the other hand, the vorticity along the jet takes positive and negative values along its upper and lower parts, respectively, for both 2D and 3D models. According to the theory developed by Lighthill, Powell and Howe [16, 17, 4, 18] , the aerodynamic sound is generated in the area of strong vorticities, however its process is very complicated and is still not comprehensively understood in detail even considering Lighthill's acoustic analogy and the Powell-Howe vortex sound theory. So we do not discuss this problem in this paper. Fig.4 shows the characteristic frequencies of the pressure fluctuation as a function of V in the range (2 ≤ V ≤ 40)m/s for the 2D model and those at V = 12 and 36m/s for the 3D model. For the sake of comparison, the edge tone frequency calculated by Brown's equation [19] and resonance frequencies of first and second pipe modes obtained theoretically are drawn in the figure. There are three stages of oscillations depending on the jet velocity V .
FREQUENCY CHANGE WITH JET VELOCITY
In the low velocity range (V ≤ 8m/s), the fundamental frequency is almost proportional to that of the edge tone given by Brown's equation and the pressure fluctuation is small around several tens Pa. Therefore the jet motion is not practically affected by the acoustic pipe resonance and it almost keeps the oscillation of the edge tone.
In the middle velocity range (10 ≤ V ≤ 22m/s), the oscillations observed for the 2D model are substantially locked on the first acoustic pipe mode. As discussed above, the oscillation frequency of the 3D model at V = 12m/s takes a value very close to that of the 2D model, so that it is also locked on the pipe model. The oscillations in the range (10 ≤ V ≤ 16m/s) are very stable, but those in the range (18 ≤ V ≤ 22) are much or less unstable, because the overtone components whose frequencies are almost proportional to that of the edge tone are observed and disturbers the motion of the fundamental.
In the high velocity range (V ≥ 24m/s), the overtone component become larger than the fundamental, although we do not show the results of the Fourier decomposition. The overtone component seems to be synchronized with the second acoustic pipe mode in the range (V ≥ 30m/s) and the pressure fluctuation oscillates like the second acoustic mode. The 3D model has almost the same frequency components as those of the 2D model at V = 36m/s, but its oscillation is more stable than that of the 2D model as the case of V = 12m/s.
As a result, the frequency charge of the acoustic oscillation with the jet velocity is very similar to those obtained by Coltman experimentally and theoretically [20] . It indicates the reliability of our numerical simulations.
ACOUSTIC FLOW THROUGH THE MOUTH OPENING VS. JET VELOCITY
Here, we discuss the rate of acoustic particle velocity through the mouth to the jet velocity, which allows us to estimate the energy transfer rate from hydrodynamic energy to acoustic energy [3] . The acoustic particle velocity is simply evaluated as
The amplitude of the pressure fluctuation at the end stop p max is taken as p max ≈ 200Pa at V = 12m/s, then the dimensionless amplitude u y /V is estimated as u y /V ≈ 0.08. On the other hand, it was reported in ref. [3] as (u y /V ) max ≈ 0.3 at l/d = 5 for recorder type instruments. Compared with the values obtained experimentally for the real instruments, those obtained by the numerical calculations for the 2D and 3D models are considerably small.
We consider the following two reasons to explain this discrepancy. First, we do not evaluate the maximum value of u y /V , though the maximum value (u y /V ) max is used in refs. [3] . For the 2D model, we observed a pressure beyond 1kPa at V = 22m/s, though it is a little unstable, then it takes u y /V ≈ 0.21, which is much larger than that at V = 12m/s, but is still smaller than those obtained experimentally for the real instruments. It may be attributed to the difference of geometry between the real instruments and the numerical model. Namely (u y /V ) max seems to depend on the geometry of the mouthpiece, e.g., flute type instruments take a larger value, (u y /V ) max ≈ 0.35 at l/d = 5 compared with the recorder type instruments [3] . Our 3D model in this paper has a mouthpiece of quasi-2D geometry for acoustic waves in a physically important frequency range. Since the distance between the two boundary walls of the 3D model is only 10mm, then the acoustic wave of a frequency less than 17000Hz behaves like a 2D wave and the end correction for the 3D wave is well estimated by the 2D end correction. Since the reflectance at the mouth for the 2D and quasi-2D instruments is quite smaller than that of real 3D instruments, then the smaller reflectance reduces the value of (u y /V ) max [6] .
SUMMERY, CURRENT WORKS AND FUTURE DIRECTIONS
In conclusion, we find that the compressible LES is a reliable tool to numerically reproduce oscillations of flue instruments and to pursuit the sounding mechanism of them. In comparison between the 2D and 3D models, the 2D model is more unstable due to the characteristic of 2D fluid, that is, for the 2D model there exist long-life vortex tubes, whose irregular behavior near the mouth opening often disturbs the jet motion as well as the acoustic flow passing through it. Therefore, a 3D simulation is hydrodynamically important to reproduce the realistic oscillations of flue instruments avoiding spurious jet instabilities.
In order to pursuit the acoustic mechanism of flue instruments in terms of aerodynamic sound theory, we have to study the interaction between acoustic and hydrodynamic fields. Howe introduced a very interesting formula, so called Howe's energy corollary, which enables us to estimate the energy transfer between the acoustic and hydrodynamic fields [9] . It is given by
where v, ω and u denotes the hydrodynamic velocity, its vorticity and acoustic particle velocity, respectively. In order to apply Howe's formula, it is necessary to separate the acoustic field from the hydrodynamic field with sufficient accuracy. Now we attempt to calculate it by using a method recently developed by experimentalists [21, 22, 23] , which is able to approximately separate the acoustic field from the hydrodynamic field [10] .
